Introduction
There is growing evidence that release of endogenous opioids by alcohol consumption promotes further consumption and/or relapse following abstinence. Alcohol administration changes gene expression, production and release of endogenous opioids, including pro-and met-enkephalin and b-endorphin (Chang et al., 2010; Lam et al., 2010; Marinelli et al., 2005; M endez et al., 2010 Mitchell et al., 2012; Oliva et al., 2008; Olive et al., 2001) . Of the four classes of the opioid receptor family (mu, delta, kappa and nociceptin), the weight of evidence indicates that mu opioid receptor (MOR; alternatively known as MOP) agonists exert the most robust effect on alcohol consumption. In humans, alcohol consumption promotes release of endogenous opioids that bind to MOR (Mitchell et al., 2012) , and MOR availability correlates with alcohol craving (Heinz et al., 2005) . Furthermore, in rodents MOR agonists increase alcohol but not water consumption, both systemically (Sabino et al., 2007) , or following infusion directly into the nucleus accumbens (NAc) .
Here, we investigated which aspects of alcohol seeking and consumption are potentiated by NAc mu-opioid agonism. NAc MOR activation affects many aspects of reward-processing, producing reductions in sensory-specific satiety (Katsuura et al., 2011; Woolley et al., 2007b ) and enhancements of palatability or 'liking' of preferred or high-value foods Taha et al., 2006; Woolley et al., 2006; Zhang et al., 1998) . These effects are reported predominantly when MOR agonists are locally infused into in the NAc shell subregion (Castro and Berridge, 2014; Berridge, 2005, 2000; Taha et al., 2009; Wassum et al., 2009 ). NAc opioid signaling may also affect extinction learning, which may utilize brain mechanisms involved in satiety, as both extinction and satiety involve reductions in reward seeking related to decreases in reward value (Millan et al., 2011) . Alcohol-induced opioid release may also directly increase the motivation to consume alcohol (Herz, 1997) or enhance the "positively-reinforcing" effect of alcohol (Swift, 1995) . Knowing whether MOR stimulation of NAc can directly enhance the palatability or motivational properties of alcohol, and/or reinforces alcohol drinking through repeated pairings is critical for understanding how opioids promote drinking. To examine these possibilities we tested the effects of NAc MOR activation on lick microstructure in a free-drinking test, in operant selfadministration, in extinction learning and expression, and in a "cue-induced" reinstatement test, in rats consuming and seeking low-to-moderate amounts of alcohol.
Materials and methods

Subjects
Male Long Evans rats (Harlan Laboratories; total n ¼ 79), weighing 250e275 g upon arrival were housed individually in a temperature-controlled colony room (21 C) on a 12-h reversed (lights off at 10:00 a.m.) or semi-reversed (lights off at 3:00 p.m.) light cycle, with ad libitum access to both food and water. All behavioral experiments were performed during the first 4 h of the dark portion of the cycle. All experimental procedures were approved by the Institutional Animal Care and Use Committee and were conducted in accordance with the Guide for Care and Use of Laboratory Animals (NIH).
Research design
At 7 days after arrival, all rats were first habituated to the taste and pharmacological effects of ethanol by giving them 24-hr continuous access to 10% ethanol (v/v) in the home cage for 8 weeks. Body weights and liquid volumes consumed were recorded Monday, Wednesday and Friday, and the average g/kg/day was calculated. Mean ± SEM ethanol intake over the final two weeks of pre-exposure was calculated at 2.24 ± 0.16 g/kg. A small number of rats (n ¼ 3) that did not reliably consume greater than 0.2 g/kg/day during the final two weeks of pre-exposure were excluded from further testing. Following pre-exposure rats were designated for testing in free drinking (n ¼ 29), operant self-administration (n ¼ 11), extinction learning (n ¼ 18), extinction retention (n ¼ 12) or cue-induced reinstatement (n ¼ 21). Rats underwent a maximum of five microinjection test days. Where possible, given this constraint (as well as cannulae patency), rats were tested in two adjacent experimental phases to compare the effects of MOR agonism on different measures of alcohol reward. At least half of the rats included in each experimental phase were naïve to DAMGO microinjection prior to that phase, and rats that received DAMGO during any tests of extinction learning or retention were not tested in any subsequent testing phase (see Table 1 for final rat allocation). We observed no significant differences between naïve rats and those exposed to DAMGO during a previous test phase.
Surgery
Rats designated for the free drinking tests (n ¼ 29) underwent surgery immediately after the end of the pre-exposure phase. All other rats underwent surgery after three weeks of selfadministration training. Under isoflurane anesthesia, rats received preemptive analgesia in the form of carprofen (5 mg/kg) and local injection of lidocaine and were placed in the stereotaxic apparatus with the mouth bar set to 5.0 mm above intra-aural zero, so that cannulae could be angled to avoid puncturing the lateral ventricles. Rats received bilateral 23-gauge stainless steel guide cannulae aimed at the following coordinates corresponding to 2 mm above NAc shell: anteroposterior (AP) þ3.1 mm, mediolateral (ML) ±1.0 mm, dorsoventral (DV) e 5.7 mm (mouth bar at 5.0 mm). A group of anatomical controls received cannulae aimed at the septum and dorsal peduncular cortex (n ¼ 4), to control for diffusion up the cannulae tract. Cannulae were anchored to the skull using surgical screws and dental cement and stainless steel obturators (28 gauge) were inserted to prevent occlusion. Rats were treated with penicillin (intramuscularly, 1 mg/kg) and topical antibiotics, and were allowed to recover for at least 7 days before retraining or testing.
Drugs and microinjections
To test the effect of mu-opioid agonism on alcohol drinking and seeking behaviors we infused the mu agonist, D-Ala2,N-MePh4,Glyol5-enkephalin (DAMGO, Sigma), at a dose of 0.15 mg in 0.3 ml saline; this is a concentration previously shown to elevate alcohol consumption when injected in NAc . On microinjection test days, DAMGO or vehicle was bilaterally infused at a speed of 0.3 ml per minute through stainless steel injectors (29 gauge, Plastics One) extending 2 mm beyond the end of the guide cannulae, which were attached to Hamilton syringes via PE-20 tubing. Injectors were left in place for 1-min, then removed, obturators replaced, and then testing commenced according to the specific delays described below. In one experiment intended to test the effects of opioid antagonism, rats received intraperitoneal injections of 4 mg/kg naloxone (Sigma) dissolved in saline, or an equivalent volume of saline vehicle. Habituation injections of saline vehicle were given at least 3 days prior to the first test injection.
Free drinking testing and lick analysis
Rats were habituated to drinking 10% ethanol in operant boxes during 2-hr, daily sessions beginning approximately 30-min after lights off. Ethanol was consumed from a lick spout equipped with an attached photobeam lickometer, which allowed licks to be timestamped and stored for off-line analysis. Ethanol was available continuously throughout the 2-hr free drinking sessions. Rats underwent habituation for at least 5 days, or until total licks per session did not deviate by more than 15% for two consecutive days. In the first experiment, rats (n ¼ 19; 15 NAc shell and 4 anatomical controls) received vehicle or DAMGO infusion 15-min prior to being placed in the operant boxes. After at least two intervening baseline sessions, rats were tested with the opposite drug injection. In order to test the importance of continuous ethanol access for the delayed increases in drinking that we observed with DAMGO we tested a semi-overlapping group of rats (total n ¼ 11; new n ¼ 5) for the (Davis and Perez, 1993; Taha et al., 2009) . That is, increases in consumption induced by food deprivation or specific nutrient deficiency tend to manifest as increases in the number of bouts (Davis and Perez, 1993; Markison et al., 2000) , whereas changes in consumption as the result of alterations in palatability (such as caused by increasing the sweetness or fat content of a solution, or the addition of quinine) generally result in changes in the bout size (Katsuura et al., 2011; Spector and St. John, 1998; . Based on prior studies Wassum et al., 2009) we defined two different types of bouts: bursts (bouts consisting of at least three licks separated by interlick-intervals [ILIs] of at least 0.25-sec) and clusters (bouts of licking separated by ILIs of at least .5-sec). We also assessed the organization of drinking on a longer time scale, in the form of meals (bouts of licking separated by ILIs of at least 10-min) which has been used as a measure of satiety (Katsuura et al., 2011) . Rats (n ¼ 6) that only received 2 microinjections during the free drinking test (at the initial delay time) continued on to selfadministration training and testing.
Operant self-administration training and testing
All rats designated for self-administration, extinction or reinstatement testing (n ¼ 47) were trained to self-administer ethanol for 28 days. Rats were placed in chambers outfitted with two retractable levers flanking a reward receptacle or lick spout equipped with photobeam lickometer. Responses on the active lever triggered a 5 s auditory cue (an intermittent tone), simultaneous illumination of a cue light above the reward receptacle, and either delivery of 0.2 ml of 10% ethanol to the reward receptacle (n ¼ 41; rats not tested in free drinking) or 5 s of ethanol availability from the lick spout (n ¼ 6; rats previously used in free drinking experiment). In rats receiving alcohol from the lick spout, the first lick following the cue presentations turned off the cue and initiated 5 s of ethanol availability, during which each lick triggered delivery of approximately 10 ml of solution. The separate lick spout group was included to allow assessment of lick rate/microstructure during the self-administration tests, in the event that we observed changes in lick structure consistent with palatability in the free drinking test. Responses on the inactive lever resulted in no programmed events in either group. Rats were first trained daily to press for ethanol on a fixed ratio (FR)-1 schedule, in two overnight (14-hr) sessions and five subsequent 2-hr sessions, beginning approximately 30-min into the dark phase. Rats then received 14 training sessions on an FR3, before undergoing surgery if they had not already done so. Recovery was followed by 7 additional days of FR-3 training. Rats designated for self-administration testing (n ¼ 11; n ¼ 6 previously tested in free drinking) received vehicle or DAMGO injections 15-min prior to the self-administration test. Following at least two days of re-baseline testing, rats were tested following the opposite injection condition. All rats that had not been tested in the free drinking phase (n ¼ 41) continued on to the extinction phase.
Extinction learning and retention
All rats designated for extinction or reinstatement testing (n ¼ 41) underwent extinction training following the completion of self-administration training. During extinction training, presses on the active lever no longer resulted in presentations of the auditory cue or the cue light, or ethanol delivery. Rats underwent daily 2 h extinction sessions for at least 8 days, and until they made 15 or fewer presses on the active lever on 2 sequential days (up to 11 sessions). In order to test the effects of mu-opioid agonism on extinction learning, subsets of rats received either DAMGO (n ¼ 9) or vehicle (n ¼ 9) injections prior to the first two extinction sessions, while the remaining rats (n ¼ 23) received no extinction infusions. Following these test days all rats completed extinction with no further injections. In order to test whether NAc shell DAMGO would interfere with "retention" of extinction (i.e. whether DAMGO would reinstate ethanol seeking on its own) a separate subset of rats (n ¼ 12; including n ¼ 6 rats that received vehicle during extinction, balanced in the two groups) received injections of vehicle (n ¼ 6) or DAMGO (n ¼ 6) prior to an additional 2-hr extinction session. Rats (n ¼ 4) that received vehicle during the extinction learning and/or retention tests whose cannulae remained patent were tested again in the cue-induced reinstatement test.
Reinstatement for an alcohol cue
Following self-administration and extinction training, rats (n ¼ 2, including n ¼ 4 previously vehicle infused) received either vehicle (n ¼ 13) or DAMGO (n ¼ 8) 15-min prior to undergoing a "cue-induced" reinstatement test. During the reinstatement sessions, presses on the active lever resulted in presentation of the auditory cue and cue light for 5 s, but no ethanol availability. Lever presses for cue presentations are used as a measure of reinstatement (Ciccocioppo et al., 2002; Nie and Janak, 2003; Shaham et al., 2003) , but are also a measure of the conditioned reinforcement properties of the ethanol-paired cues (Smith et al., 1977) . In order to isolate the conditioned reinforcement properties of the discrete alcohol-paired cue and its interactions with MOR agonism, we did not utilize an alcohol drop in the receptacle, an olfactory discriminative stimulus, or sucrose-fading, which are frequently used to achieve enhanced cue-induced reinstatement (Katner et al., 1999; Lê and Shaham, 2002; Nie and Janak, 2003; Wouda et al., 2011) .
Histology
Following the completion of behavioral testing, rats were anesthetized with an overdose of sodium pentobarbital, and perfused transcardially with 0.9% saline followed by 10% formalin. Brains were removed, post-fixed in 10% formalin (1 day) followed by 25% sucrose (2 days), sectioned at 60 mm and stained with cresyl violet in order to verify placement of injector tips in NAc shell. Rats were excluded if injector tips were not situated in the NAc shell (n ¼ 6).
Statistical analysis
The effects of DAMGO on alcohol consumption or seeking behaviors was assessed using paired-samples t-tests (free drinking, self-administration), independent-samples t-tests (cue-induced reinstatement, extinction learning day 3, extinction retention) or mixed 1 Â 2 ANOVAs (extinction learning days 1 and 2). To assess the effects of DAMGO on free drinking at different delays, we analyzed the data using linear mixed models, to account for a combination of paired and independent data (a subset of rats were tested at both delays). Depending on the best-fitting covariance model (Verbeke and Molenberghs, 2009) , the degrees of freedom may be a non-integer value. To assess the effects of systemic naloxone on DAMGO-induced drinking, we used a repeated measures 2 Â 2 ANOVA and pairwise comparisons with Sidak corrections. To assess the relationship between DAMGO-induced changes in total licks and lick microstructure measures we ran a Pearson r correlation.
Results
NAc MOR agonism increases free consumption of 10% ethanol
As expected, infusion of the MOR agonist, DAMGO, into NAc (Fig. 1A) (Fig. 1B) . Increases in consumption induced by food deprivation or specific nutrient deficiency manifest as increases in the number of bouts (Davis and Perez, 1993; Markison et al., 2000) , whereas changes in consumption resulting from alterations in palatability (such as caused by increasing the sweetness or fat content of a solution, or the addition of quinine) generally result in bout size changes (Katsuura et al., 2011; Spector and St. John, 1998; . We found that DAMGO increased the number of "bursts" (bouts of licking with no ILI greater than 0.25 s; t (14) ¼ À2.378 p ¼ 0.032) and the number of "clusters" (bouts of licking with no ILI greater than 0.5 s; t(14) ¼ À2.619, p ¼ 0.020), but had no effect on the number of licks per burst (i.e. burst size; t(14) ¼ À1.203, p ¼ 0.249) or licks per cluster (t(14) ¼ À0.367, p ¼ 0.719). The DAMGO-induced change in total licks was significantly correlated with the change in number of bursts (r(15) ¼ 0.8999, p < 0.0001), but not with the change in the size of bursts (licks per burst, r(15) ¼ 0.1423, p ¼ 0.61; Fig. 1C and  D) . We found the same relationship between the change in drinking and the change in number of lick clusters: the total change in licks was correlated with the change in the number of clusters (r(15) ¼ 0.7884, p < 0.001), but not the size (licks per cluster, r(15) ¼ 0.2133, p ¼ 0.44). These correlations suggest that DAMGOinduced increases in alcohol drinking are more related to change in the appetitive state of the animal than to changes in the perception of alcohol's palatability. Because 'liking' reactions to sucrose are increased when DAMGO is injected in the rostrodorsal quadrant of shell (Peciña and Berridge, 2005) , we separately analyzed the lick structure of just those rats with injection sites in rostrodorsal NAc shell (n ¼ 4). Even in these rats, DAMGO failed to enhance the size of lick bursts (t(3) ¼ 1.40, p ¼ 0.25) or lick clusters (t(3) ¼ 0.23, p ¼ 0.83), and there was no correlation between the total change in licks and the size of bursts (r(4) ¼ À0.62, p ¼ 0.38) or clusters (r(4) ¼ À0.12, p ¼ 0.88). To control for possible diffusion up the cannulae track, we assessed the effects of DAMGO at anatomical control placements in the septum and dorsal peduncular cortex (n ¼ 4). We found that DAMGO infusion in these structures failed to enhance drinking (t(3) ¼ 1.135, p ¼ 0.339).
DAMGO induced increase in consumption occurs after a prolonged delay
A notable feature of the DAMGO-induced increase in drinking is that, as reported previously it was delayed until the second half of the 2-hr drinking session: the average cumulative licks of alcohol following DAMGO infusion did not differ from vehicle until approximately 60-min into the session (75-min post-DAMGO; Fig. 2A) , and did not become significantly different until 90-min into the session (115 post-DAMGO, t(14) ¼ À2.312, p ¼ 0.036). If DAMGO acts by increasing the magnitude of "reinforcement" produced by alcohol (Clissold and Pratt, 2014) its main effect in this behavioral paradigm may be that, similar to its action on palatable food consumption, it counteracts the development of satiety (Woolley et al., 2007a) . Potentially consistent with a decrease in satiety, we found a significant increase in meal size (t(14) ¼ 2.74, p ¼ 0.016), which was significantly correlated with the increase in total licks (r(15) ¼ 0.71, p ¼ 0.003). For this reason, we elected to compare the effects of DAMGO on alcohol drinking using a 60-min delay (versus the 15-min delay used in the original test). If DAMGO acts to increase drinking by either a) increasing the learned value of alcohol during alcohol drinking in the first half of the session and/or b) reducing alcohol satiety late in the session, then rats would be expected to increase drinking after a similar delay in the session (i.e. after a similar amount of re-experience with the alcohol). Yet, when rats were tested 60-min after DAMGO infusion, they began to increase their drinking above vehicle levels much earlier in the testing session. DAMGO-induced alcohol drinking began to rise above vehicle levels by approximately 20-min into the testing session (Fig. 2B ) and was significantly different from vehicle levels at 40-min into the session (t(10) ¼ À2.512, p ¼ 0.031). This approximates the post-infusion time course of DAMGO-induced drinking that we found in the original drinking test (75e110 min post-infusion), indicating that the delay in the increase in drinking does not depend upon experience with alcohol. This is consistent with enhanced motivation to consume alcohol that does not depend upon reversal of satiety or enhanced reinforcing value of alcohol consumed. The longer delay before test also had no effect on the structure of DAMGO-induced alcohol drinking, including total licks (F(19. The pattern of changes in lick microstructure when rats were tested after a 60-min delay was similar to changes we observed after 15-min. The total change in licks was significantly correlated with the number of bursts (r(11) ¼ 0.835, p ¼ 0.0014) or clusters (r(11) ¼ 0.8070, p ¼ 0.0027), but not the size of bursts (r(11) ¼ 0.107, p ¼ 0.75) or clusters (r(11) ¼ 0.087, p ¼ 0.799). Overall, rats that spent 60-min after the DAMGO infusion without access to alcohol still increased their drinking of alcohol on the same time scale and with the same changes in lick microstructure, except that increases in total licks were no longer correlated with the increase in meal size (r(11) ¼ 0.4914, p ¼ 0.13).
Given that the delay in DAMGO potentiation in drinking was not dependent on alcohol access, it is likely due to a delayed pharmacological effect of mu-opioid agonism, either directly in NAc or via circuit-level interactions. An alternative explanation is that dropping levels of opioid agonist (e.g. as in withdrawal), which may be found at prolonged delays after DAMGO infusion, may be required for DAMGO-induced increases in drinking. Based on this alternative hypothesis one would predict that precipitation of this drop in opioid stimulation levels (e.g. with an opioid antagonist) would enhance the effect of administered DAMGO on drinking. To test this possibility we examined the effects of systemic naloxone injections, given 45-min after the DAMGO infusion and 15-min before the drinking test. We found that systemic naloxone following DAMGO did not enhance DAMGO-induced drinking; instead, it prevented DAMGO-induced increases in drinking ( Fig.  2C ; DAMGO Â naloxone, F(1,4) ¼ 9.985, p ¼ 0.040) and reduced drinking overall (main effect of naloxone: F(1,4) ¼ 11.766, p ¼ 0.027). This indicates that delayed DAMGO-induced drinking is not driven by falling concentrations of DAMGO and instead requires prolonged opioid receptor stimulation.
NAc DAMGO enhances operant self-administration of alcohol
In order to test the effects of NAc DAMGO on operant responding for alcohol, we trained rats to self-administer alcohol. After 30-days of training, we tested the effects of NAc DAMGO on alcohol selfadministration on a fixed-ratio 3 schedule (Fig. 3A) . DAMGO enhanced active lever presses for alcohol (t(10) ¼ 2.255, p ¼ 0.0478), but had no effect on presses of the inactive lever (t(10) ¼ 0.75, p ¼ 0.47; Fig. 3B ). Total ethanol intake was also enhanced by DAMGO prior to the self-administration session, approximately doubling from 0.65 g/kg to 1.38 g/kg (t(10) ¼ 2.262, p ¼ 0.0472; Fig. 3C ). Similar to the free drinking test, DAMGO selectively enhanced operant alcohol seeking in the second hour of the 2-hr session (hour 1, t(10) ¼ 0.06, p ¼ 0.95; hour 1, t(10) ¼ 3.094, p ¼ 0.01; Fig. 3D ). The initial suppressive effects of DAMGO appeared even stronger in the operant self-administration test (Fig. 3D) , perhaps due to the greater motor requirements of the self-administration test. This relates to the hypothesis that the biphasic effects of DAMGO may be due to short-lived suppression of locomotor activity (Babbini and Davis, 1972; Bakshi and Kelley, 1993; Kelley, 2002, 1997) . In the subset of rats that consumed alcohol from the lickometer spout, we did not observe a change in lick rate during the alcohol availability periods (t(5) ¼ 1.871, p ¼ 0.12). Because we found no interaction between the effects of DAMGO and the alcohol delivery method on operant responding for alcohol (F(1,9) ¼ 0.33, p ¼ 0.577), the data are presented together.
NAc DAMGO has no effect on extinction learning
Following self-administration training and testing, rats underwent extinction training for up to 10-days, or until they made fewer than 15 active lever presses on two successive extinction sessions. During extinction learning, presses on the active lever no longer resulted in presentation of the auditory cue or alcohol. As expected, rats gradually reduced their responding on the active lever across extinction days (F(7,147) ¼ 8.813, p < 0.001). To test the effects of NAc DAMGO we infused separate groups of rats with vehicle or DAMGO 15-min prior to the first two extinction sessions and assessed these groups off-drug on a third extinction day (Fig. 4A) . Infusion of DAMGO had no effect on the significant reduction in active lever presses across these three extinction sessions ( Fig. 4B ; main effect of DAMGO, F(1,14) ¼ 0.02, p ¼ 0.888; extinction day Â DAMGO, F(3,42) ¼ 0.70, p ¼ 0.5572; main effect of extinction, days 1e3, F(3,42) ¼ 3.54, p ¼ 0.0226). Additionally, active lever presses were not different between the two groups when we directly compared them on the first extinction session sans drug (t(14) ¼ 0.343, p ¼ 0.736). These results suggest, that at least at early stages of extinction, mu-opioid agonism in the NAc does not impact learning.
3.5. DAMGO potentiates cue-reinforced alcohol seeking, but not reinstatement of operant responding on its own Because NAc DAMGO potentiated operant self-administration of alcohol, as well as free drinking of alcohol, we hypothesized that NAc DAMGO would also potentiate cue-induced reinstatement of alcohol seeking. Following extinction training, rats received infusions of either vehicle or DAMGO 15-min prior to a reinstatement test, in which presses on the active lever now produced presentations of the auditory cue, but not alcohol. Following vehicle infusions, cue presentations produced mild, but significant reinstatement of active lever presses in comparison to the final day of extinction (Fig. 4C ; extinction versus reinstatement in vehicle rats alone: t(12) ¼ 2.440, p ¼ 0.031). As expected, NAc DAMGO significantly potentiated cue-reinforced responding in the reinstatement test ( Fig. 4C ; interaction of drug condition and extinction versus reinstatement: F(1,19) ¼ 7.77, p ¼ 0.0117). Surprisingly, we did not observe a significant effect of NAc DAMGO on port entries during reinstatement (t(16) ¼ 1.484, p ¼ 0.157). In a separate group of rats we tested whether NAc DAMGO reinstates alcohol seeking in the absence of explicit sensory cues. NAc DAMGO had no significant effect on lever presses during the reinstatement test in the absence of cues (t(10) ¼ 0.653, p ¼ 0.528) nor on port entries (t(10) ¼ 1.351, Fig. 2 . Changes in consumption of 10% ethanol induced by NAc shell DAMGO. Cumulative licks (A) over time following DAMGO (blue) or vehicle (grey) infusion (n ¼ 15); shaded areas show SEM. Introducing a 60-min delay (B) following the injection prior to ethanol access did not change the post-injection time at which DAMGO increase cumulative licks (15 min delay, n ¼ 15; 60 min delay n ¼ 10). Systemic naloxone (Nalox; C) prevented DAMGO-induced increases in drinking and reduced drinking overall (n ¼ 5), * ¼ versus vehicle, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . NAc shell DAMGO enhances operant self-administration of 10% ethanol. Histological reconstruction of microinjection placements from self-administration experiment in the sagittal plane (A). DAMGO (blue) significantly enhances total (B) active lever presses (inner bars ¼ inactive) as well as total ethanol consumption (C; g/kg) during the self-administration test, * ¼ DAMGO versus vehicle, p < 0.05. Cumulative active lever presses (D) during the self-administration test following vehicle (black) or DAMGO (blue) infusion (n ¼ 11). Data presented as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) p ¼ 0.207). While NAc DAMGO potentiates alcohol seeking promoted by contingently presented cues, it is insufficient to generate reinstatement-like behavior on its own (Fig. 4C) .
Discussion
Here, we demonstrate that infusion of the MOR selective agonist DAMGO into NAc elevates alcohol drinking by increasing the number, but not duration, of licking bouts. NAc DAMGO also elevates operant responding for alcohol and potentiates extinguished operant responding for an alcohol paired sensory cue, but does not alter extinction learning or retention.
Implications for the role of palatability or 'liking' in mu-opioid induced increases in drinking
Given previous reports of the effects of NAc DAMGO or naloxone on 'liking' reactions in a taste reactivity taste (Castro and Berridge, 2014; Peciña and Berridge, 2005) , and on other measures of the palatability of sucrose or fatty tastants (Katsuura et al., 2011; Wassum et al., 2009; Woolley et al., 2006; Zhang et al., 1998) , it is somewhat surprising that we did not see lick microstructure changes typically associated with increases in palatability (i.e. an increase in bout size) for alcohol. Since DAMGO-induced increases in 'liking' generally occur following microinjection into a fairly restricted neuroanatomical zone in the rostrodorsal portion of the NAc shell (Castro and Berridge, 2014; Peciña and Berridge, 2005) we assessed the effects of DAMGO in this NAc region on bout size, but also found no effect. Our findings are also somewhat surprising in light of previous work by Kiefer and others (Coonfield et al., 2004 Ferraro et al., 2002; Hill and Kiefer, 1997) showing that systemic opioid antagonism reduces ingestive reactions to alcohol even more so than for sucrose. Importantly, opioid antagonists were given systemically in these studies and it is likely that opioid antagonists exert additional effects on palatability when administered outside of the NAc, for example, in the ventral pallidum Berridge, 2007, 2005) , where mu-opioid agonism enhances 'liking' for sucrose. Furthermore, the ingestive reactions measured in these alcohol studies include mouth movements, which in some taste reactivity studies are classified as neutral/ consummatory and in some cases are not included in hedonic reaction scores (Castro and Berridge, 2014; Leeb et al., 1991; Pelloux et al., 2014; Richard and Berridge, 2011) . It is also possible that if we had assessed palatability using a taste reactivity test, rather than lickometer analysis we would have found a different result. Changes in MOR levels in the NAc due to alcohol exposure may account for the lack of altered palatability or other effects reported here: mu-opioid receptor gene expression is reported to increase after 2 and 4 months of moderate alcohol pre-exposure (similar to the levels seen here) (Jonsson et al., 2014) , though decreases in MOR expression (Saland et al., 2005) or no change (Shah et al., 1997) have been reported with other sets of exposure parameters. Finally, DAMGO's lack of effect on palatability-related measures of alcohol consumption may be related in part to the taste of alcohol functioning as a conditioned reinforcer, rather than as a primary reinforcer, or to its mixed hedonic and aversive taste qualities (Bice et al., 1992) . Thus, while NAc DAMGO can increase consumption of a variety of tastants, it appears to do so by selectively modulating aspects of lick microstructure differently for rewards like sucrose and fats versus alcohol.
4.2. Implications for the role of NAc DAMGO in "positive reinforcement" and satiety
Our results suggest that the role of NAc shell MOR in promoting alcohol seeking and consumption is not primarily related to an effect on learning or satiety during the test session. First, the delayed increase in consumption induced by DAMGO occurs even without continued access to alcohol during the delay. Furthermore, NAc MOR agonism does not interfere with extinction learning e suggesting that NAc DAMGO does not substitute for the reinforcing effects of alcohol during extinction trials and that changes in MOR Fig. 4 . NAc shell DAMGO has no effect on extinction learning or retention, but enhances cue-induced reinstatement. Histological reconstruction of microinjection placements from the extinction learning and reinstatement experiments in the sagittal plane (A). DAMGO (blue) had no acute effect on lever presses during extinction learning (B: vehicle, n ¼ 9; DAMGO, n ¼ 9). During reinstatement testing (C) NAc shell DAMGO (blue) had no effect on lever presses made in the absence of cues or ethanol (left; vehicle, n ¼ 6; DAMGO, n ¼ 6), but DAMGO (n ¼ 8) did increase lever presses for contingent presentations of an alcohol paired cue above levels observed following vehicle infusion (vehicle, n ¼ 13). * ¼ DAMGO versus vehicle, p < 0.05, þ ¼ reinstatement versus extinction, p < 0.05; Olf ¼ Olfactory nucleus, LS ¼ lateral septum, VP ¼ ventral pallidum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) agonist levels in NAc are not involved in computing the outcome value of instrumental actions. Furthermore, alcohol (sensory or caloric) satiety cannot explain the changes we observed in responding for alcohol-paired cues during cue-induced reinstatement, as rats received no alcohol during this test. While we observed an increase in meal duration when rats were tested at a 15 min delay after DAMGO infusion, consistent with a reduction in satiety, we did not see a significant increase in meal duration when rats were tested at the 60 min time point, despite seeing a similar increase in overall consumption, total licks, and number of licking bursts. Thus, while NAc MOR agonism can exert some sensory satiety-related effects, it exerts more consistent effects related to the incentive motivational properties of alcohol and alcohol cues, as illustrated by the increased initiation of alcohol drinking bouts, increased operant responding for alcohol and the increase in conditioned reinforcement.
NAc MOR in motivational properties of alcohol and alcohol cues
The DAMGO-induced behavioral changes we observed across multiple tests were consistent with the reported role of NAc MORs in appetitive motivation. NAc DAMGO increased the number of bouts of licking, a change in microstructure typically seen following inductions of hunger or specific physiological need (Davis and Perez, 1993; Markison et al., 2000) , rather than changes in the orosensory properties of the stimulus. Additionally, NAc DAMGO increased lever pressing for alcohol-paired cues in a cue-induced reinstatement test, suggesting that DAMGO potentiates the reinforcing properties of conditioned incentive cues. Previous studies with food reward have reported no increase in conditioned reinforcement by NAc DAMGO in a classic conditioned reinforcement paradigm (Cunningham and Kelley, 1992 ) and a decrease in "cueinduced" reinstatement (Guy et al., 2011) . These results may be due to a combination of the biphasic nature of DAMGO effects in NAc and the relatively brief nature of the tests in these cases (45 and 20 min, respectively). Further experiments are required to determine whether NAc DAMGO can potentiate other properties of Pavlovian alcohol cues (Milton and Everitt, 2010) , including their ability to non-contingently elicit motivational states, such as in Pavlovian-to-instrumental transfer (Corbit and Janak, 2007) , or to attract attention and approach (Krank et al., 2008) . Importantly, for cues predicting sucrose, DAMGO infusions throughout the NAc, including in the shell, enhance Pavlovian-instrumental transfer (Peciña and Berridge, 2013) , suggesting the incentive motivational effects of MOR activation are not limited to alcohol. Given that similar incentive effects are reported in the core, the delayed incentive motivational effects may have been due in part to diffusion to this subregion. Here, we specifically demonstrate that NAc DAMGO enhances the conditioned reinforcement properties of alcohol cues (i.e. responding for contingent cue presentations), yet NAc MOR signaling may also promote relapse by potentiating other conditioned cue elicited effects, including their ability to noncontingently elicit motivational states, such as in context-induced reinstatement.
Role of NAc MOR in reinstatement of drug seeking
We are aware of one other study investigating the role of NAc MOR in reinstatement of alcohol seeking. Perry and McNally (2013) found that infusions of a MOR selective antagonist in NAc shell blocked context-induced reinstatement ("renewal") of alcohol seeking, but did not affect reinstatement induced by a small priming dose of alcohol. Intracerebroventricular infusions of a MOR selective antagonist also attenuate context-induced reinstatement of alcohol seeking, but have no effect on cue-induced reinstatement in a model that included one non-contingent cue presentation, followed by contingent cue presentations (Marinelli et al., 2009 ). Many studies investigating opioids in reinstatement of alcohol seeking have used mixed procedures in which animals are reexposed to both discrete and contextual cues, such as odors presented throughout the self-administration session. Under these conditions, reinstatement is reduced by systemic naltrexone (Ciccocioppo et al., 2003; Williams and Schimmel, 2008) , as well as systemic injections of the delta-opioid receptor antagonist naltrindole and the irreversible MOR antagonist naloxonazine (Ciccocioppo et al., 2002) . It is difficult to conclude from these studies whether the observed reinstatement is primarily driven by discrete or contextual cues, but we should note that systemic naltrexone reduces context-induced reinstatement of alcohol seeking, in the absence of discrete alcohol-paired cues (Burattini et al., 2006) , consistent with Perry and McNally's finding for MORs in NAc shell (2013) . Many of these studies may include contextual or discriminatory cues because, at least for alcohol selfadministration, reinstatement elicited by discrete cues is often less robust than reinstatement induced by contexts (Tsiang and Janak, 2006) . Consistent with this finding, we only observed robust reinstatement of alcohol seeking for contingent presentations of the discrete alcohol cue in animals that had received MOR agonism in NAc shell, whereas reinstatement to these same cues in rats that received vehicle infusions was weaker. Importantly, we observed no reinstatement of alcohol seeking elicited by infusions of DAMGO alone, unless cues were also presented contingent on the animal's behavior. This suggests that while endogenous MOR signaling in the NAc is required for renewal of operant responding for alcohol by contexts (as in Perry and McNally, 2013) , exogenous activation of MOR signaling by DAMGO in a previously extinguished context is insufficient to renew the incentive motivational properties of that context.
Conclusions
In humans, opioid antagonism reduces craving for alcohol (Chick et al., 2000) , heavy drinking days (Monti et al., 2001) , and relapse to heavy drinking (Guardia et al., 2002; Herz, 1997) , but also produces aversive side effects that affect compliance (Bouza et al., 2004) . Importantly, NAc MORs may contribute to separable aspects of alcohol reward via modulation of distinct output pathways and neuronal populations. For instance, outputs to ventral pallidum appear selectively involved in NAc shell DAMGO enhancement of 'liking', but not consumption: naloxone in ventral pallidum blocks NAc DAMGO induced increases in 'liking', but not eating (Smith and Berridge, 2007) , and ipsilateral lesions of ventral pallidum fail to prevent sucrose consumption elicited by NAc DAMGO (Taha et al., 2009) . NAc DAMGO-induced increases in consumption require activity in a distributed brain network including the ventral tegmental area, the lateral hypothalamus and the dorsomedial hypothalamus Zhang and Kelley, 2000) . Here, we demonstrate that NAc DAMGO elevates alcohol seeking and consumption without impacting learning or affect-related measures. This finding suggests that the neural circuits underlying opioidinduced changes in the motivation to consume alcohol can be dissociated from the affective consequences of alcohol consumption, and future treatment strategies should aim to selectively target the downstream mediators of MOR-induced increases in motivation to drink.
